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Fig. 2.2. Time series of ice extent anomalies in March (the month of ice extent maximum) 
and September (the month of ice extent minimum). The anomaly value for each year is the 
difference (in %) in ice extent relative to the mean values for the period 1979-2000. The 
thin black and red lines are least squares linear regression lines with slopes indicating ice 
losses of -2.6% and -13.0% per decade in March and September, respectively.  

 
In March 2012 ice extent reached a maximum value of 15.24 million km2 (Fig. 2.2), 4% below 
the 1979-2000 average. This was the highest maximum in 9 years, but 2004-2012 has the nine 
lowest maximum extents since 1979. The relatively high maximum extent in March 2012 was 
due to conditions in the Bering Sea, where ice extent was at or near record levels throughout 
the winter and spring. 
 
After reaching maximum extent, the seasonal decline began slowly, particularly in the Bering 
Sea, and around mid-April, extent was close to the 1979-2000 average for the time of year. 
However, soon after that the decline accelerated and was faster than normal through much of 
the summer. August 2012 was a period of particularly rapid ice loss, in part due to a storm that 
passed through the region at the beginning of the month (see below, and the Air Temperature, 
Atmospheric Circulation and Clouds essay). Overall, 11.83 million km2 of ice was lost between 
the maximum and minimum extents. This is the largest seasonal decline in the record and 1 
million km2 more than in any previous year. 
 
Sea ice extent is decreasing in all months and virtually all regions (the exception being the 
Bering Sea during winter). The September monthly average trend is now -91,600 km2 per year, 
or -13.0 % per decade relative to the 1979-2000 average (Fig. 2.2). The magnitude of the trend 
has increased every year since 2001. Trends are smaller during March, but still decreasing and 
statistically significant. The March trend is -2.6% per decade (Fig. 2.2). 
 

Iceland differs somewhat from the other reconstructions, with a markedly
low incidence of sea ice before AD 1200 and a general increase after-
wards (Fig. 3e). Accordingly, the Iceland ice severity index is well
correlated with the Iceland IP25 record8, but not with the Arctic-wide
historical ice extent record, and it has a small weight in the reconstruc-
tion (Supplementary Table 1). The occurrence of sea ice along the
Icelandic coast during winter and spring partly reflects sea ice advec-
tion (drift) out of the Arctic rather than ice edge position and sea ice
extent.

To evaluate the influence of temperature and dynamic (circulation)
forcings on Arctic sea ice extent, we compared our 1,450-year sea ice
history with proxy-based reconstructions of Arctic surface atmo-
spheric temperatures (SATs)24 and of the North Atlantic Oscillation
(NAO) index25,26. The SAT record shows a sustained cooling trend
over about the past 1,250 years followed by an abrupt and pronounced
warming in the twentieth century (Fig. 3f). The NAO index also
decreased from about AD 1100 onwards, with recent (positive) index
values rising sharply in the mid-twentieth century (Fig. 3g). Although
the cooling SAT trend is matched by increasing ice extent before
AD 1450, both records are otherwise poorly correlated (r 5 20.12).
This reinforces our view that the proxy-based sea ice reconstruction
is not just another surrogate Arctic temperature history but instead
captures a sea-ice-related climate signal that is not uniquely driven by
changes in SATs. Our reconstructed sea ice history is also poorly
correlated with the reconstructed NAO indices (Trouet09, r 5 0.03;
Cook02, r 5 20.13). Hence, the anticorrelation between Arctic sea ice
cover and the NAO and related Arctic Oscillation (AO) index reported
for recent decades22 is not readily apparent over the extended sea ice
reconstruction. These comparisons suggest that, over the past 1,450
years, changes in the summer extent of Arctic sea ice were not solely
forced by SATs or by the NAO/AO, but more probably by a combina-
tion of these (and/or other) forcings.

The pronounced decrease in ice cover observed in both our terrestrial
and oceanic proxy-based reconstructions between the late fifteenth and
early seventeenth centuries occurred during the widespread cooling
period known as the Little Ice Age (about AD 1450–1850 (ref. 18)).
Reconstructed Arctic SATs show episodes of warming during this per-
iod (Fig. 3f), but according to our results the decrease in Arctic sea ice
extent during the Little Ice Age was more pronounced than during the
earlier Medieval Warm Optimum. A recent climate model simulation
of the fifteenth-century Arctic warming (about AD 1470–1520) suggests
that it could have been solely driven by enhanced southerly advection of
warm air into the Arctic27. This is not evident from the reconstructed
NAO indices, which alternate between positive and negative and hence
do not indicate a markedly increased meridional atmospheric circula-
tion at that time (Fig. 3g). In contrast, positive, synchronous sea surface
temperature and salinity anomalies in Fram Strait during this period
inferred from dinocyst assemblages (Fig. 3h) suggest increased advec-
tion of warm and saline water from the North Atlantic into the Arctic
Ocean20, and this could have accounted for a decrease in sea ice cover in
the Arctic Ocean. Similarly, the pre-industrial minimum in sea ice
cover at about AD 640 occurred at the beginning of the Dark Age
Cold Period (about AD 600–900 (ref. 28)) under overall cold conditions
but was accompanied by increased northward advection of Atlantic
water (Fig. 3h). These observations suggest that at multidecadal to
centennial timescales, the Arctic sea ice cover during the pre-industrial
period may have varied primarily in response to the advection of warm
Atlantic water into the Arctic, perhaps as part of internal coupled
ocean–atmosphere–sea ice oscillations29. Similarly, heat transfer to
the Arctic by warm Atlantic water has been shown recently to be
unprecedented over the past 2,000 years28 and may be the main driver
for the sustained loss of Arctic sea ice over recent decades. In the present
state of knowledge, anthropogenically forced (‘greenhouse gases’)
warming stands out as a very plausible cause of the record atmospheric
and oceanic warmth of the recent decades, which may soon lead to an
ice-free Arctic Ocean in summer.
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Figure 3 | Comparison between reconstructed late-summer Arctic ice
extent and other Arctic sea ice, climate and oceanic proxy records. a, Forty-
year smoothed reconstructed late-summer Arctic sea ice extent with 95%
confidence interval. b, Chukchi Sea ice cover duration reconstructed from core
92-B5 (ref. 9). c, Fram Strait sea ice cover duration reconstructed from core
JM04 (ref. 20). d, Normalized IP25 flux in the BASICC-8 sediment core, a proxy
for springtime sea ice occurrence in the western Barents Sea. The timescale used
is the average of the two published timescales, corresponding to high and low
sedimentation rate alternatives23. e, Relative abundance of IP25 in core MD99-
2275, a proxy for springtime sea ice occurrence along the northern coast of
Iceland8. f, Reconstructed Arctic surface air temperature anomalies24. Our sea
ice reconstruction includes 9 of the 23 proxies used in this reconstruction.
g, Two reconstructions of the NAO index25,26. The Cook02 record mainly
reconstructs interannual variations26; its variance was matched to the Trouet09
record, which reflects decadal-scale changes25. h, Reconstructed sea surface
temperature (SST) and salinity in Fram Strait20. All records with a time
resolution smaller than 40 years were interpolated to 1 year and then smoothed
with a 40-year lowpass filter. The dashed lines in a, b, c and f are from modern
observations. The dotted line in c is interpolated between modern observations
and the reconstruction. The shaded grey areas T1–T3 delineate the periods of
reduced ice extent discussed in the text.
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● Climate Forecasting Unit (CFU) 
à  22  members  (from  4  continents)	


à  External  funding  from  2  national  
and  5  EU  FP7  grants  	


	


Ins:tut	
  Català	
  de	
  Ciències	
  del	
  Clima	
  (IC3)	
  
Catalan	
  Ins.tute	
  of	
  Climate	
  Sciences,	
  Barcelona,	
  Spain	
  	
  	
  

http://www.ic3.cat  
   
http://ic3.cat/wikicfu 

Key objectives: 
1)  Advance climate 

dynamics 
2)  Development of s2d 

prediction capability 
3)  Forecast quality 

assessment 
4)  Downscaling of 

probabilistic forecasts 
5)  Climate services 
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Plans	
  for	
  Arc:c	
  climate	
  dynamics	
  and	
  predic:ons	
  
➡ PICA-ICE funded by Spain’s MINECO : 

1)  Produce sea ice reanalyses through ocean and/or sea ice nudging 

2) Study the interannual-to-decadal variability of the sea ice cover and its 
impact on the Northern Hemisphere climate, defining sea ice modes 
based on statistical clustering methods as an original approach 

3) Assess the ability of EC-Earth to forecast the sea ice cover and its 
impact on the European climate 

4) Perform extreme sensitivity experiments removing the sea ice cover 
to assess its recovery timescales and the large-scales impacts of such 
drastic change 

➡ SPECS – WP3.1 funded by European Union (FP7) : 

Multi-model assessment of the benefits of initializing the sea ice state: 
best possible initial conditions versus climatological initialisation 
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IC3	
  sea	
  ice	
  reanalysis	
  –	
  NEMO3.2	
  simula.ons	
  
constrained	
  by	
  ocean	
  and	
  atmosphere	
  obs	
  

Ø 	
  	
  NEMO3.2	
  ocean	
  model	
  with	
  LIM2	
  sea	
  ice	
  model	
  	
  	
  	
  

Ø 	
  	
  Atmospheric	
  forcings:	
  	
  1958-­‐2006	
  DFS4.3	
  and	
  1979-­‐2010	
  ERA-­‐interim	
  	
  

Ø 	
  	
  Newtonian	
  relaxa.on	
  to	
  ocean	
  obs:	
  T	
  and	
  S	
  nudged	
  towards	
  ORAS4	
  reanalysis,	
  .mescales	
  
=	
  360	
  days	
  below	
  800m,	
  and	
  10	
  days	
  above	
  except	
  in	
  the	
  mixed	
  layer,	
  except	
  at	
  the	
  equator	
  
(1°S-­‐1°N),	
  SST	
  &	
  SSS	
  restoring	
  (-­‐40W/m2,	
  -­‐150	
  mm/day/psu)	
  

Ø 	
  	
  Wind	
  perturba.ons	
  +	
  5-­‐member	
  ORAS4	
  	
  ⟾	
  	
  5-­‐member	
  sea	
  ice	
  reconstruc.on	
  from	
  1958	
  	
  

October-­‐November	
  Arc:c	
  sea	
  ice	
  thickness	
  

Re
co
ns
tr
uc
:o

n	
  
IceSat	
  

Guemas	
  et	
  al,	
  
Clim	
  Dyn	
  2014	
  

	
  	
  	
  	
  	
  =>	
  Longest	
  available	
  mul.-­‐member	
  sea	
  ice	
  reconstruc.on	
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Ini.alisa.on	
  using	
  IC3	
  sea	
  ice	
  	
  	
  	
  h`p://www.specs-­‐fp7.eu	
  
●	
  CMIP5	
  decadal	
  predic:ons	
  with	
  EC-­‐Earth2.3	
  started	
  every	
  1st	
  
November	
  from	
  1960	
  to	
  2005	
  also	
  using	
  IC3	
  sea	
  ice	
  reanalysis	
   	
  	
  	
  

	
  +	
  another	
  set	
  of	
  runs	
  started	
  from	
  climatological	
  sea	
  ice	
  IC	
  	
  	
  	
  	
  
=>	
  substan:al	
  reduc:on	
  of	
  temperature	
  RMSE	
  in	
  the	
  NH	
  high	
  
la:tudes	
  with	
  switch	
  from	
  climatology	
  to	
  sea	
  ice	
  IC	
  from	
  reanalysis	
  

G
ue

m
as

 e
t 

al
., 

C
lim

 D
yn

 2
01

4 

Ratio RMSE Init/RMSE Clim 
hindcasts two-metre temperature 

(months 2-4) 

RMSE Arctic sea-ice area 

●	
  Improved	
  skill	
  (higher	
  ACC)	
  in	
  predic:ng	
  the	
  Arc:c	
  sea	
  ice	
  cover	
  and	
  surface	
  air	
  temp	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
●	
  Spread	
  between	
  members	
  is	
  larger	
  for	
  sea	
  ice	
  variables,	
  thus	
  more	
  representa:ve	
  of	
  the	
  	
  
forecast	
  error	
   05/13	
  



	
  	
  	
  	
  A`ribu.ng	
  the	
  September	
  2012	
  Arc.c	
  ice	
  minimum	
  

6-­‐8	
  August	
  2012	
  

1	
  of	
  the	
  8	
  most	
  extreme	
  
summer	
  storm	
  over	
  the	
  
1979-­‐2012	
  period	
  
Simmons	
  and	
  Rudeva,	
  GRL	
  2012	
  

Is	
  summer	
  2012	
  record-­‐low	
  sea	
  ice	
  extent	
  due	
  to	
  weather	
  variability,	
  
sea	
  ice	
  precondi:oning	
  or	
  warm	
  surface	
  condi:ons?	
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and u (z) is the vertical profile of the horizontal wind vector.
In our investigation we calculate EGR at the 500 hPa level
(EGR500). (The vertical derivatives in the EGR expression
were approximated with centered finite differences using
vector wind and potential temperature data at the 400, 500,
and 600 hPa levels). One of our aims is to diagnose condi-
tions at the tropopause and in the upper troposphere leading
up to, and during, the storm. A number of works have shown
that analyses undertaken at the 500 hPa level are very
insightful in diagnosing the evolution and interaction
between dramatic features at the tropopause, in the upper-
troposphere and at the surface [e.g., Bosart et al., 1996]. As
indicated above, there is reason to believe that a TPV influ-
enced the evolution of AS12. TPVs are characterised, in part,
by the downward intrusion of stratospheric air to about
500 hPa and beyond, and hence have the potential to influ-
ence surface development [Cavallo and Hakim, 2012]. See
also in this context the comprehensive analysis of Kew et al.
[2010].

3. The August 2012 Storm

[6] The storm was first identified by the cyclone algorithm
at 00UTC 2 August over Siberia near 59!N, 98!E (Figure 1).
It then tracked east northeast, and crossed into the Arctic
basin (defined here as the region north of 70!N) in the East
Siberian Sea at 18UTC 4 August. AS12 subsequently made
its way into the central Arctic and reached the minimum
central pressure of 966.38 hPa at 18UTC 6 August. The
contour plot in Figure 1 shows the P distribution at this time.

Subsequent evolution of the storm saw its central pressure
steadily increase as it travelled east and then south and was
last identified at 18UTC 14 August near 76!N, 260!E in the
Canadian Arctic Archipelago (CAA). The storm therefore
lasted almost 13 days (51 6-hourly synoptic times), of which
10½ days (41 synoptic times) were spent in the Arctic basin.
[7] In Figure 2 (top) we display the evolution of the central

pressure over the life of the storm.When first identified AS12
had a central pressure of 1001 hPa and, while at no stage can
its reduction be regarded as ‘explosive’ [Lim and Simmonds,
2002], it was monotonic and continued for 4¾ days. The
Figure reveals an acceleration of the deepening rate after
the cyclone passed from the continent to over the East
Siberian Sea.
[8] As discussed above, central pressure presents only a

limited perspective of cyclone structure and significance. To
provide a comprehensive perspective of the characteristics of
AS12 we also present in Figure 2 (top) the storm’s intensity,

Figure 1. Pressure field at 18UTC 6 August 2012, and the
6-hourly positions of cyclone from its formation to its
demise. The contour interval is 5 hPa. The labels indicate
the location of the cyclone at 00UTC on almost every day.

Figure 2. Times series of (top) central pressure (dark blue
curve), Laplacian of pressure (red), Radius (cyan), and
Depth (green) and (bottom) EGR500 (green), SH (cyan),
LH (light green-blue), TH (dark blue), and SIC (red). The
vertical lines denote 00UTC for the date indicated on the
abscissa, and the gray shading denotes the period for which
the cyclone center was over the continent before moving into
the East Siberian Sea. The ordinate scales are color-coordi-
nated with the graphs, and have units of hPa, hPa (deg.
lat.)"2, deg. lat., day"1, Wm"2, and fraction of unity. The
‘up arrow’ signifies that the legends on the left side pertain
to the upper panel, while the ‘down arrow’ signifies that
the legends on the right side pertain to the lower panel.
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  A`ribu.ng	
  the	
  September	
  2012	
  Arc.c	
  ice	
  minimum	
  
10

6 	
  k
m

2	
  

=>	
  2012	
  record	
  low	
  is	
  primarily	
  due	
  to	
  sea	
  ice	
  IC,	
  i.e.	
  memory	
  (about	
  
50%)	
  and	
  warm	
  atmospheric	
  surface	
  condi:ons	
  (about	
  50%)	
  

Guemas	
  et	
  al,	
  BAMS	
  2013	
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Sea	
  ice	
  Loss	
  rela:ve	
  to	
  the	
  average	
  of	
  the	
  	
  	
  	
  	
  	
  	
  	
  
September	
  minima	
  over	
  the	
  2000-­‐2011	
  period	
  

CTRL	
  =	
  NEMO3.2	
  ocean	
  model	
  
with	
  (LIM2	
  sea	
  ice	
  model)	
  
ini:alized	
  on	
   	
  	
  	
  	
  	
  	
  1	
  June	
  2012	
  
from	
  a	
  5-­‐member	
  sea	
  ice	
  
reconstruc:on	
  and	
  forced	
  with	
  
ERA-­‐Interim	
  

STORM	
  =	
  	
  removes	
  the	
  great	
  Arc:c	
  
cyclone	
  of	
  August	
  2012	
  	
  	
  	
  

MEMORY	
  =	
  replaces	
  observed	
  sea	
  
ice	
  IC	
  with	
  the	
  climatology	
  

WARM	
  =	
  	
  offset	
  the	
  near-­‐surface	
  
atmospheric	
  	
  temperature	
  and	
  
humidity	
  to	
  the	
  average	
  over	
  	
  
2000-­‐2011	
  	
  mel:ng	
  season	
  

W&M	
  =	
  MEMORY	
  and	
  WARM	
  



●	
  K-­‐means	
  (nonhierarchical)	
  cluster	
  analysis	
  
	
  

EOF	
  (linear	
  &	
  orthogonal	
  method)	
  assumes	
  symmetry	
  between	
  
posi:ve	
  and	
  nega:ve	
  phase.	
  Ergo,	
  is	
  EOF	
  the	
  most	
  suited	
  for	
  
analysis	
  of	
  likely	
  nonlinear	
  and	
  nonorthogonal	
  Arc:c	
  fields?	
  
	
  

à Clustering	
  method:	
  number	
  and	
  spa:al	
  paferns	
  of	
  clusters	
  of	
  
variability	
  are	
  selected	
  to	
  minimize	
  variance	
  between	
  the	
  
member	
  of	
  a	
  cluster	
  and	
  to	
  maximize	
  the	
  variance	
  between	
  
paferns	
  of	
  the	
  different	
  clusters	
  	
  
à	
  to	
  iden:fy	
  Arc:c	
  climate	
  regimes	
  and	
  their	
  interannual-­‐to-­‐
decadal	
  variability	
  	
  

à Euclidean	
  distance	
  (subsequently	
  Minkowski	
  metric)	
  
à Further	
  connec:on	
  to	
  self-­‐organizing	
  maps	
  (SOM)	
  =	
  neural	
  

network-­‐based	
  cluster	
  analysis	
  	
  
à What	
  is	
  the	
  appropriate	
  K?	
  	
  

à Sta:s:cally	
  dis:nguishable	
  clusters:	
  Monte	
  Carlo	
  resampling	
  
or	
  false	
  discovery	
  rate	
  approach	
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●	
  NSIDC	
  sea	
  ice	
  concentra.on	
  anomaly	
  (from	
  1981-­‐2010	
  climatology)	
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1st	
  dipole	
  between	
  Labrador	
  Sea	
  and	
  Greenland	
  +	
  
Barents	
  Sea,	
  and	
  2nd	
  dipole	
  between	
  Bering	
  Sea	
  and	
  
the	
  Sea	
  of	
  Okhotsk	
  =>	
  synchroneous	
  variability	
  of	
  
sea	
  ice	
  concentra:on	
  in	
  the	
  Atlan:c	
  and	
  Pacific	
  



●	
  IC3	
  reanalysis	
  (NEMO3.2	
  +	
  LIM2)	
  sea	
  ice	
  thickness	
  anomaly	
  (from	
  
1981-­‐2006	
  climatology)	
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Melt	
  and	
  growth	
  seasons	
  are	
  reflected	
  in	
  sea	
  ice	
  
thickness	
  paferns	
  with	
  roughly	
  dipole	
  structure	
  
between	
  the	
  Atlan:c	
  and	
  Pacific	
  gateways	
  
à	
  the	
  next	
  step:	
  composite	
  maps	
  of	
  SLP,	
  SST,	
  …	
  



●	
  Conclusions,	
  future	
  direc.ons	
  and	
  events	
  
Ø 	
  	
  IC3	
  is	
  a	
  provider	
  of	
  sea	
  ice	
  ini.al	
  condi.ons	
  for	
  seasonal	
  to	
  decadal	
  
predic.ons	
  for	
  the	
  EC-­‐Earth	
  consor.um	
  	
  à	
  	
  evident	
  improvements	
  in	
  
forecast	
  skills	
  over	
  the	
  Arc.c	
  arise	
  from	
  observa.on-­‐based	
  sea	
  ice	
  IC	
  

Ø 	
  	
  2012	
  record	
  low	
  seems	
  primarily	
  due	
  to	
  sea	
  ice	
  IC,	
  or	
  memory,	
  and	
  
warm	
  surface	
  condi.ons	
  

Ø 	
  	
  Aim	
  1:	
  Furthering	
  understanding	
  of	
  seasonal	
  to	
  decadal,	
  and	
  longer	
  
changes	
  in	
  Arc.c	
  climate	
  and	
  its	
  impact	
  on	
  lower	
  la.tudes	
  

Ø 	
  	
  Aim	
  2:	
  Build	
  dynamical	
  and	
  sta.s.cal	
  predic.on	
  capabili.es	
  on	
  seasonal	
  
to	
  decadal	
  .mescales	
  of	
  the	
  Arc.c	
  sea	
  ice	
  and	
  climate,	
  and	
  	
  the	
  European	
  
and	
  Mediterranean	
  climates	
  

Ø 	
  	
  Arc.c	
  sea	
  ice	
  dynamics,	
  modelling	
  and	
  predic.on	
  workshop	
  at	
  IC3	
  in	
  
Barcelona	
  on	
  December	
  12,	
  2012	
  (and	
  the	
  rest	
  of	
  the	
  week)	
  	
  

Ø 	
  	
  Polar	
  and	
  non-­‐polar	
  connec.ons	
  mee.ng	
  in	
  Barcelona	
  in	
  late	
  2014	
  or	
  
early	
  2015	
  (sponsored	
  by	
  WWRP	
  and	
  WCRP	
  of	
  WMO	
  and	
  UNESCO)	
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